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Mechanochemically controlling the van der Waals gap in molybdenum disulfide nanosheets
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We report a facile mechanochemical approach to achieve precisely controlled van der Waals spacing in
molybdenum disulfide (MoS,) nanosheets. This involves mechanochemical, solid-state grinding of bulk MoS,
with solid sodium chloride (NaCl), resulting in intercalation of Na* ions within the MoS, sheets. Consequently,
distinct changes to the van der Waals spacing of MoS,; is observed and attributed to coordinative adsorption
followed by a diffusion-assisted intercalation. In contrast to Li-ion intercalation, the native 2H structure of MoS,
is stabilized and completely preserved. Thus the resulting 2H-MoS, layers exhibit expanded van der Waals
spacing. Spectroscopic investigations, through time-dependent Raman and X-ray photoelectron spectroscopy,
confirm the kinetics of intercalation resulting in precise tunability of van der Waals spacing from 0.61 to 1.25 nm.
Such a scalable approach for tunable intercalation of nanosheets presents a route for controlling defect density
in MoS,, thereby providing directions in defect engineering and heterogeneous catalysis.
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I. INTRODUCTION

Transition-metal dichalcogenides such as two-dimensional
sheets of molybdenum disulfide (MoS;) have attracted
increasing interest due to their edge-mediated catalytic capa-
bility and the sheet-mediated ability to reversibly intercalate
alkali-metal ions for energy storage [1-8]. Accordingly, the
synthesis of isolated MoS, nanosheets has been reported
through both top-down exfoliation routes and bottom-up
chemical vapor deposition routes [3—5]. Highly crystalline,
uniform, and defect-free MoS, nanostructures fabricated
through bottom-up approaches are ideal for fundamental
investigation but possess lower edge-mediated -catalytic
capabilities [1,9,10]. In contrast, top-down strategies often
yield a wide dispersity in the number of layers, but contain
a higher degree of structural defects [11,12]. The structural
defect density in such layered materials could be controlled
by intercalation of suitable chemical moieties in their van
der Waals gap [2,7,13]. Extensive chemical, electrochemical,
gas-phase, and organometallic approaches have been reported
for achieving intercalation of alkali-metal ions into the layered
framework of MoS; to obtain structures with expanded van
der Waals spacing [1]. However, such studies have also
observed a simultaneous phase transformation from 2H
to 17 form in MoS, nanostructures [1]. The structural
transformation leads to a change from semiconductor (2H) to
metallic (17) form and often results in inability to investigate
the catalytic properties of native 2H-MoS,.

In comparison to sophisticated and expensive chemical
and electrochemical techniques, easier and cheaper mechan-
ical methods have been explored to a very less extent [1].
Moreover, it is often observed that mechanical shearing forces
lead to exfoliation rather than intercalation, which simulta-
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neously induces structural defects [11,12]. Thus, in order to
have less exfoliation and more intercalation-induced defects,
low-energy techniques like mortar-pestle grinding hold poten-
tial against ball milling and probe sonication [14]. Ambient
energy techniques like mortar-pestle grinding would have
sufficient energy to overcome weak van der Waals forces for
diffusive intercalation and defect generation but not enough to
completely shear multiple layers of the material away. This is
often supported by the use of an abrasive during grinding [15].

Here, we report a one-pot scalable mechanochemical route
that provides Na™ intercalated 2H-MoS, with tunable van der
Waals spacing and defect density. Such structures are created
by surface adsorption of Na™ ions followed by their diffusion
into the voids of (002) spacing in MoS; nanosheets. This
mechanism and its kinetics are studied by time-dependent
Raman, »*Na NMR, and X-ray photoelectron spectroscopy
(XPS) measurements.

II. EXPERIMENTAL METHODS
A. Synthesis of intercalated MoS,

The synthesis is carried out as illustrated in the schematic
in Fig. 1(a). Bulk MoS, and NaCl were taken in varying mass
ratio (1:3, 1:5, 1:7, 1:9) in a mortar and ground with a pestle
for 30 min to obtain a uniformly ground mixture. This mixture
is then transferred to chloroform and bath sonicated for 5 min
for further homogenization. This is followed by phase transfer
of sodium intercalated MoS, sheets into aqueous phase. This
transfer occurs as the sodium intercalated sheets are now
positively charged and require negatively charged chloride
ions to solvate them to give a neutral ionic-like species.
The aqueous layer after separation from the organic phase is
allowed to stand up to 36 h in a constant-temperature bath
maintained at 298 K. This is to allow further diffusion of
sodium ions into the van der Waals gap such that we get
uniform intercalation. The intercalated nanostructure finally
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FIG. 1. (a) Schematic depicting the synthesis of the intercalated
MoS, structure. (b) Films of intercalated MoS, assembled at air-
water interface. (c) TEM micrograph illustrating nanoscale morphol-
ogy of intercalated MoS,. (d) AFM of assembled films revealing that
the films are discontinuous and composed of smaller fragments.

assembles at the air-water interface as a layer [Fig. 1(b)].
These layers can be scooped out using a copper loop (see
Supplemental Material, Ref. [16]) and transferred to any
substrate for further analysis. These samples are designated
as M13, M15, M17, and M19 according to the MoS,:NaCl
weight ratio used for their preparation. For performing time-
dependent studies samples which self-assembled at the air-
water interface at 0, 12, 24 and 36 h after the phase transfer
step are scooped out and placed on a clean glass slide, silicon
wafer, or a formvar transmission electron microscopy (TEM)
grid.

B. Characterization techniques

TEM and selected area electron diffraction (SAED) was
carried out on a JEOL-JEM 2010F instrument with a field-
emission gun at an accelerating voltage of 200 kV. Atomic
force microscopy (AFM) was carried out on Asylum/Oxford
Instruments MFP3D Origin in contact mode, XPS was
done on Kratos Analytical AXIS Supra with Al Ko X-ray
source. Raman spectroscopy was performed in a backscat-
tering geometry using a WiTec micro-Raman spectrometer
and a Nd-yttrium aluminum garnet laser of 532 nm. Micro-
photoluminescence (PL) measurements were done using a
490-nm-diode laser and a spot size of 350 nm, and power up to
2 mW. Sodium NMR measurements were done on VARIAN,
Mercury Plus 300 MHz NMR. Raman measurements were
done on a glass substrate and XPS on Si wafer.

III. RESULTS AND DISCUSSION

A. Microscopic characterization

Self-assembled films of the Na* intercalated MoS, formed
at the air-water interface after 36 h were transferred using a
clean copper wire loop onto a silicon wafer and copper grid
to perform AFM and TEM, respectively. The AFM profile
of the sample on a micrometer scale reveals that the nanos-
tructured film is made up of distinct fragments [Fig. 1(d)].
The AFM height profile exhibits an average thickness of
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FIG. 2. TEM micrographs showing intercalated structure of (a)
M13, (b) M15, (c) M17, and (d) M19 isolated at 36 h (all scale
bars are 2 nm). Time-dependent Raman measurements showing
intercalation in structures synthesized of (e) M 13, (f) M15, (g) M17,
and (h) M19.

43.9 nm, indicating the presence of ~70 layers of MoS; [16].
High-resolution TEM (HR-TEM) images of these fragments,
prepared with different mass loading of NaCl, exhibit layered
MoS, with varying van der Waals spacing. Significantly, a
monotonic increase in the van der Waals spacing is observed
with increasing mass ratio of NaCl [Fig. 3(a)]. Thus, we can
observe that the van der Waals or (002) spacing of layered
MoS; can be precisely controlled and tuned from 0.61 nm
in bulk to 1.25 nm in M19. Upon increasing the weight ratio
of NaCl further, a systematic increase in the (002) spacing is
noticed [Figs. 2(a)-2(d), 3(a)]. Thus, varying the MoS,: NaCl
ratio from 1:3 to 1:5, further to 1:7 and finally 1:9 resulted in
an increase of the van der Waals spacing from 0.66 to 0.71 nm,
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FIG. 3. (a) Variation of van der Waals gap with percentage
of NaCl used for synthesis in comparison with bulk MoS, value
from literature (error bars calculated based on spacing profiles in
Ref. [16]). (b) Time-dependent blue shift in E lzg and A;, with
respect to bulk MoS,, averaged with respect to different ratio of
NaCl used in synthesis. Representative Raman map of (c) E'5,
peak and (d) A, of an S19 sample isolated at 36 h (scale bars are
5 pm). (e) Micro-PL spectra of intercalated samples isolated at 36
h, for synthesis carried out with varying concentration of NaCl in
comparison with bulk MoS,. (f) Variation of excitonic luminescence
peak intensity in (e) with percentage of NaCl used in synthesis.

further to 0.80 nm, and ultimately to 1.25 nm, respectively
[Figs. 2(a)-2(d), 3(a)]. This trend is further supported by
the HR-TEM profiles on each weight ratio of MoS,:NaCl
[16]. SAED performed on all these samples gave us a pattern
corresponding to 001 zone indicating high crystallinity and
2H-phase of MoS; [3,4,16]. Thus from the AFM, TEM, and
SAED we can conclude that the assembled film is made up
of fragments; they have an expanded and controllable van der
Waals spacing with possible stabilization in the 2H phase.

B. Structural investigations

Raman spectra were obtained on intercalated samples pre-
pared by varying the MoS,:NaCl ratio. The characteristic
E 12g and A, peaks associated with 2H-MoS, are observed
in all the samples. Bulk MoS, scatters at 377 and 404 cm™ !,
which correspond to the E'y, and Aj, peaks, respectively
[Figs. 2(e)-2(h)]. In contrast, all the MoS, layers obtained
immediately after self-assembly at the air-water interface (0 h)
exhibited a strong blue shift by 7 cm~!, providing concrete
evidence for the adsorption or intercalation of Na™ restrict-
ing the in-plane and out-of-plane vibrations [Figs. 2(e)-2(h),
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FIG. 4. (a) NaCl ratio-dependent Raman collected for samples
isolated at 36 h. (b) NaCl ratio-dependent sodium XPS collected for
samples isolated at 36 h. (c) Time-dependent XPS collected for M17
samples; *Na NMR (X axis - chemical shift in ppm) collected for
(d) bulk NaCl, (e) M17 sample at O h, and (f) M17 sample at 36 h.

3(b)]. Subsequently, the spectra recorded with samples col-
lected at 36 h of self-assembly at the air-water interface reveal
further blue shift in the F lzg and A, peak to 388 cm and
414cm™!, respectively [Figs. 2(e)-2(h), 3(b)]. Importantly,
vibrational characteristics of these samples do not exhibit any
dependence on ratio of MoS, and NaCl [Fig. 4(a)]. However,
a gradual decrease in the intensity of both peaks is observed
with increasing MoS,:NaCl ratio [Fig. 4(a)]. This indicates
that both in-plane (E 12g) and out-of-plane (A ,) vibrations are
getting increasingly restricted as more NaCl is being adsorbed
or intercalated and more interstitial sites are being occupied
[3,9,17]. Marginal fluctuation in the energy difference be-
tween E'5, and A;, peak in bulk versus the intercalated
species formed under different conditions indicates that ex-
foliation is minimal in our synthetic process [3,9,11,16,17].
These observations are further supported by AFM profiles
of the MoS, fragments composed of multiple layers with
thickness varying on the order of tens of nanometers [16].

To further understand the role of NaCl ratio, XPS measure-
ments were carried out for samples prepared with different
MoS;:NaCl ratio, isolated after 36 h of self-assembly at the
air-water interface. The Nat binding energy was observed
at 1072 eV compared to bulk NaCl with a binding energy
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of 1073 eV [Figs. 4(b) and 4(c)]. Sodium ion in bulk NaCl
has greater crystal-field stabilization energy and thereby ex-
hibits a higher binding energy compared to the sodium ion
intercalated within the MoS, layers [18-20]. The order of
difference of 1 eV in binding energy between bulk and in-
tercalated form agrees with computational predictions, which
reinforce the fact that this is due to intercalation [4,21,22].
However, the absence of any change in binding energy with
MoS;:NaCl ratio is in excellent agreement with Raman obser-
vations and confirms that the amount of NaCl employed in the
mechanochemical process does not influence the energetics
of intercalation. The gradual decrease in both Raman peaks
(E', and A'y) with MoS,:NaCl ratio along with invariant
binding energy confirms that the ratio controls the extent of
intercalation and does not influence the nature of adsorption
and intercalation sites [Fig. 4(a)]. The ratio of NaCl thus plays
a probabilistic role in the intercalation and not a mechanistic
role [21,22]. The probabilistic role comes into the picture due
to the availability of both tetrahedral and octahedral interstitial
sites, with very close coordination energies, available in the
van der Waals gap of MoS, [21,22]. Moreover, the presence
of both Elzg and Alg peaks in the final material irrespective
of the ratio of NaCl confirms that we have retention of the
2H phase of MoS; [4]. This is in contrast with conventional
intercalation techniques which would give the 17 phase upon
intercalation [4-8,13,21,23].

To further investigate the properties of defects introduced
by this mechanochemical technique, micro-PL measurements
were carried out on samples synthesized with various ratios
of NaCl, isolated at 36 h. The PL spectra clearly reveal
three excitonic peaks corresponding to sulfur defect bound
excitons (X p), charged excitons (X ), and free exciton (X?).
An increasing intensity for sulfur defect bound excitons (Xp)
at 1.79 eV was observed with the ratio of NaCl in synthesis
[Figs. 3(e) and 3(f)] [24-26]. This suggests that the grinding
process is very efficient in introducing and modulating the
defect density produced by this mechanochemical method.
The charged exciton (X~) (1.82 eV) and free exciton (X?)
(1.82 eV) at the direct band gap are also clearly visible in
comparison with bulk [Figs. 3(e) and 3(f)] [26-28], revealing
the quasi-freestanding monolayer nature of these intercalated
films [27]. The appearance of a clear, well-resolved charged
X~ exciton, a trion-like species, is also indicative of localized
charge accumulation in the system [24-26]. Such localized
charge accumulation and polarization are favorable on cat-
alytic interfaces for carrying out redox reactions [28]. The
bulk sample however lacks reduced dimensionality for any
electronic wave-function localization to exhibit exciton peaks
[24-26].

C. Time-dependent mechanistic studies

Having ruled out the mechanistic role of NaCl ratio in the
synthesis, herein we perform time-dependent measurements
to understand the kinetics of intercalation process. We observe
a monotonic blue shift in the F 12g and A, peaks with increas-
ing time of the assembly at the air-water interface allowing
more diffusion [Figs. 2(e)-2(h)]. This is consistent for all
samples irrespective of the MoS,:NaCl ratio. However, the
magnitude of the blue shift decreases and saturates with time

in all the samples investigated. Such a blue shift originates
from constrained in-plane and out-of-plane vibrations due to
the adsorption of sodium ions in the interstitial sites [3,9,29].
Such a gradual time-dependent shift arises from diffusion-
assisted intercalation of the sodium ions into the van der Waals
gap of the MoS; [22]. Importantly, the prominent existence
of both E 12g and A, peaks at all times and ratio of NaCl
indicates a stable 2H phase of MoS, with intercalation and
reinforces the absence of a 2H to 17T phase transformation [3].

The entire time-dependent intercalation process is also fol-
lowed through XPS measurements. Consistently, we observe
that the sample obtained immediately after the assembly (0 h)
exhibits the lowest binding energy of 1070.5 eV compared to
1073 eV for bulk NaCl [Fig. 4(c)]. This shift of ~2.5 eV in
binding energy originates from the large number of adsorbed
or intercalated sodium ions [4,6,18-20]. However, the time-
dependent blue shift of the binding energy from 1070.5 to
1072 eV in 36 h [Fig. 4(c)] implies that the mechanical grind-
ing drives sodium ions to occupy energetically unfavorable
surface coordination or edge sites which are coordinatively
unsaturated sites in the van der Waals spacing at 0 h. Further,
these sodium ions gradually diffuse to occupy more favorable
tetrahedral or octahedral void coordination sites by 36 h, an
idea well supported by computational studies in literature
[4,18-22]. This mechanism is further confirmed by **Na
NMR measurements done on similar samples collected at 0
and 36 h [Figs. 4(d)—4(f)]. The 2*Na NMR for bulk NaCl gives
a broad and flat peak around —21.33 ppm. This broad peak
which tails until —150 ppm is indicative of hydrated sodium
ions in crystalline NaCl [30-33].

The flat nature of this peak is indicative of low-mobility
sodium which is the case of ions held strongly in their crystal
lattice [30-33]. However, on mechanical grinding we can see
that this flat peak becomes sharper without any shift, pointing
to more mobile sodium ions in accordance with existing
literature, and therefore represent sodium ions adsorbed at the
edge or surface sites [30-33]. This observation along with
the Raman and XPS confirm that the mechanical grinding
step gets the sodium ions adsorbed on the surface and edge
sites [30]. These surface and edge sites are coordinatively
unsaturated and thus unfavorable for the sodium ions, as is
evident from their low binding energy in XPS [9,10].

Furthermore, the 2*Na NMR measured for a 36-h sample
shows that the peak shifts to —21.33 from —16.33 ppm and
shows a shoulder peak or tail around 40—-60 ppm. The positive
shift of the peak is indicative of hyperfine coupling with local
magnetic moments (possible in this system from a species
like molybdenum), which can arise only when sodium ions
intercalate into the van der Waals spacing from edges and
surfaces to interact with molybdenum atoms [30]. Moreover,
the peak at 36 h flattens, indicating decreasing mobility of
ions which can arise only when the ions are in a favorable
coordination environment with stronger interactions, in agree-
ment with XPS studies where binding energy increases from
0 to 36 h [30-33]. Furthermore, the shoulder or tail appearing
around 40-60 ppm is indicative of desolvated sodium ion
and such species can exist only when the ions move into
the (002) framework and get coordinated in a favorable site,
and thus lose any previously coordinated water [30-33]. This
observation thus confirms the diffusion of sodium ions from
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the edge and surface adsorption sites into the van der Waals
gap, ultimately modifying it [30]. Further, an absence of a
time-dependent shift in the binding energy of molybdenum,
across samples prepared with different ratio, indicate the
absence of an electron transfer between sodium and molybde-
num atoms [16]. This further supports the absence of a 2H-1T
phase transition and portrays the intercalation process as a
physical process rather than a redox process.

IV. CONCLUSIONS

In summary, the time-dependent Raman, XPS, and sodium
NMR measurements confirm that mechanochemical grinding
drives the adsorption of sodium ions onto the edge and surface
sites of MoS, layers. The adsorption follows a kinetically
driven probabilistic diffusion that subsequently leads to a
thermodynamic control during the assembly of the MoS;
layers at the air-water interface. Thus, the adsorbed ions in
an aqueous environment slowly diffuse into the van der Waals
gap to possibly occupy more stable coordination sites, leading
to an intercalated species with expanded van der Waals gap.
Controlling the ratio of NaCl to MoS; controls the fraction of

the sodium ions that can successfully participate in this pro-
cess on an ensemble, thereby providing control and tunability
over the van der Waals gap and defect density. Such MoS,
nanostructures with tunable defect density hold promise as
catalysts for petroleum direct desulfurization, charge-transfer
reactions, and for developing energy storage devices.
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